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ABSTRACT 
Numerical s imula t ions  o f  s e v e r a l  important episodes i n  t h e  ho r i zon ta l  
d i s p e r s i o n  of a  conserva t ive  substance i n  t h e r m a l l y - s t r a t i f i e d  (summer) Lake 
Michigan were performed. Lake-wide d i s p e r s i o n  o f  c h l o r i d e  during t h e  summer 
of 1970 was modeled f o r  125 days us ing  U.S. Weather Se rv i ce  and USEPA d a t a .  
The r e s u l t s  obtained ind i ca t ed  t h a t  more u s e f u l  information might be ob ta ined  
more e a s i l y  by s imula t ing  l o c a l  shor t - te rm episodes of  p o l l u t a n t  movement 
from s i n g l e  sources .  Accordingly, b e s t  and worst c a se  33-day s imula t ions  of  
t h e  d i s p e r s i o n  of i d e n t i c a l  s l u g s  o f  p o l l u t a n t  from Calument Harbor were pe r -  
formed. The r e s u l t s  f o r  t h e s e  extreme cases  suggested t h a t  t h e  d i s p o s i t i o n  
of p o l l u t a n t  from any given source  i s  h igh ly  dependent upon short- term wind 
cond i t i ons  and t h a t  such b e s t  and worst c a s e  modeling might e a s i l y  provide  
some o f  t h e  d e t a i l e d  i n s i g h t s  requi red  f o r  water management purposes .  
The d i s p e r s i o n  model 's  a p p l i c a b i l i t y  t o  u n s t r a t i f i e d  (winter)  Lakes 
Michigan and Ontar io  i s  demonstrated f o r  some s imple ca se s .  
The numerical model used i s  r e a d i l y  adaptab le  t o  a  wide range o f  episodes' 
of i n t e r e s t .  Actual t ime-varying l ake  c i r c u l a t i o n s  a r e  e f f i c i e n t l y  
approximated by sequences of q u a s i - s t e a d y - s t a t e  c i r c u l a t i o n s  produced by a  
s e p a r a t e  flow model, and t ime-varying p o l l u t a n t  sources  a r e  e a s i l y  in t roduced  
a t  any p o i n t  i n  t h e  l ake .  A s t r i c t l y  mass-conservative f i n i t e - d i f f e r e n c e  
formulat ion ensures  numerical s t a b i l i t y ,  even f o r  ( p o t e n t i a l l y )  i n c o n s i s t e n t  
c i r c u l a t i o n  d a t a .  
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INTRODUCTION 
To t h e  m i l l i o n s  l i v i n g  along i t s  shores ,  Lake Michigan i s  a  n a t u r a l  
r e sou rce  o f  tremendous importance, both a s  a  source  o f  c l ean  d r ink ing  water 
and a s  a  p l a c e  f o r  r e c r e a t i o n a l  f i s h i n g ,  boa t ing ,  and swimming. Widespread 
use  o f  t h e  l a k e  and i t s  t r i b u t a r i e s  by i n d u s t r i e s  and m u n i c i p a l i t i e s  makes 
en l igh tened  water -qua l i ty  management e s s e n t i a l  t o  t h e  p re se rva t ion  of water  
q u a l i t y .  The l i ke l i hood  of making s e n s i b l e  d e c i s i o n s  a f f e c t i n g  t h i s  water 
q u a l i t y  i s  enhanced by d e t a i l e d  understanding o f  t h e  e f f e c t s  of t h e s e  d e c i - -  
s i o n s .  Dynamic modeling of  a q u a t i c  ecosystems i s  a  p o t e n t i a l l y  powerful 
technique f o r  ob t a in ing  t h e  needed i n s i g h t .  
P r e d i c t i v e  models, p roper ly  cons t ruc t ed ,  could warn o f  shor t - te rm 
e f f e c t s  such a s  a lgae  blooms and dangerous accumulations o f  b a c t e r i a  a long 
beaches and a l s o  of  long-term inc reases  i n  l e v e l s  o f  n u t r i e n t s  and t o x i c  
chemicals .  Furthermore, such models could e s t ima te  t h e  e f f e c t s  of  p r e sen t  
and f u t u r e  e f f l u e n t  d i s cha rges  upon t h e s e  phenomena. 
The processes  o f  advec t ive  and d i f f u s i v e  d i s p e r s i o n  must n e c e s s a r i l y  
be included i n  any d e t a i l e d  models o f  l oca l i zed  b i o l o g i c a l  a c t i v i t y  i n  l a r g e  
bodies  of  water;  models f o r  t h e  d i s p e r s i o n  o f  conserva t ive  subs tances  under 
t h e  i n f luence  of c u r r e n t s  and concen t r a t i on  g rad i en t s  can be, t h e r e f o r e ,  
looked upon a s  e s s e n t i a l  f i r s t  s t e p s  toward o v e r a l l  ecosystem models f o r  
t h e  Great Lakes. Ex i s t i ng  a q u a t i c  b i o l o g i c a l  models which assume h o r i z o n t a l  
homogeneity i n  order  t o  concen t r a t e  upon v e r t i c a l  changes ( e . g . ,  Winter and 
Pechuzal 1974) o r  upon k i n e t i c s  ( e . g . ,  Bierman, e t  a 1  1973, and Cordeiro,  
e t  a 1  1973) r e q u i r e  t h e  add i t i on  of  h o r i z o n t a l  d i s p e r s i o n  mechanisms i f  they 
a r e  t o  be more u s e f u l l y  app l i ed  t o  l a r g e  water bodies .  Bio logica l  models 
i n c l u d i n g  d i s p e r s i o n  mechanisms have been a p p l i e d  s u c c e s s f u l l y  t o  e s t u a r i e s  
( e . g . ,  Canale ,  e t  a 1  1973, Chen and Orlob 1972, and S c h o f i e l d  and Krutchkoff  
1972) ,  and s e p a r a t e  c o n s e r v a t i v e - p o l l u t a n t  t r a n s p o r t  models have been d e v e l -  
oped f o r  Lake O n t a r i o  (Simons 1972) and Lake E r i e  (Lam and Simons 1974) ,  and 
f o r  Saginaw Bay (Richardson 1974) .  Fur thermore,  t h e  i n c l u s i o n  o f  b i o l o g i c a l  
mechanisms may n o t  be  n e c e s s a r y  f o r  t h e  p r e l i m i n a r y  t r e a t m e n t  o f  some impor- 
t a n t  c a s e s  i n v o l v i n g  s h o r t - t e r m  ( t i m e  s c a l e  o f  days)  movement o f  non-conser-  
v a t i v e  m a t e r i a l s ,  e s p e c i a l l y  i n  t h e  n e a r - s h o r e  r e g i o n s  of most concern t o  
wa te r  r e s o u r c e s  management. Some r e s u l t s  t o  be  shown h e r e ,  f o r  example, i n -  
d i c a t e  t h a t  harmful contaminants  ( n u t r i e n t s ,  f e c a l  c o l i f o r m ,  e t c . )  emanating 
from t h e  Ind iana  Harbor Canal a s  d e s c r i b e d  by Snow and Adamczyk (1974) can ,  
under  common wind c o n d i t i o n s ,  beg in  t o  accumulate  i n  s i g n i f i c a n t  amounts a t  
Chicago beaches  and w a t e r  i n t a k e s  w i t h i n  a  few hours  o f  t h e i r  d i s c h a r g e .  
A f i n i t e - d i f f e r e n c e  model f o r  t h e  movement o f  a  g e n e r a l i z e d  conserva-  
t i v e  p o l l u t a n t  i n  Lake Michigan w i l l  be  p r e s e n t e d  h e r e .  T h i s  model u s e s  t h e  
e x i s t i n g  Kizlauskas-Katz  (1973, 1974) c i r c u l a t i o n  model t o  g e n e r a t e  s t e p  
approximat ions  t o  r e a l i s t i c  wind-dr iven c u r r e n t  h i s t o r i e s  and can s i m u l a t e  
many e p i s o d e s  o f  i n t e r e s t  under bo th  t h e r m a l l y - s t r a t i f i e d  (summer) and homo- 
geneous ( w i n t e r )  c o n d i t i o n s  f o r  p e r i o d s  o f  up t o  s e v e r a l  months. The 
s t r i c t l y  mass -conserva t ive  f o r m u l a t i o n  employed e n s u r e s  computat ional  s t a -  
b i l i t y  f o r  long s i m u l a t i o n  p e r i o d s  even when t h e  c i r c u l a t i o n  d a t a  used a r e  
somewhat i n c o n s i s t e n t  i n  terms o f  wa te r  mass c o n s e r v a t i o n ,  a s  would be  t h e  
c a s e  f o r  s c a t t e r e d  exper imenta l  o b s e r v a t i o n s .  
A four-month (125-day) s i m u l a t i o n  o f  c h l o r i d e  d i s p e r s i o n  from 28 t ime-  
v a r y i n g  s o u r c e s  cor responding  t o  USEPA d i s c h a r g e  d a t a  and U.S. Weather S e r -  
v i c e  wind d a t a  f o r  t h e  summer o f  1970 i s  p r e s e n t e d .  The u s e f u l n e s s  o f  t h e  
model in the study of extreme cases is then illustrated by 33-day simula- 
tions of the movement of identical slugs of pollutant from Calumet Harbor 
under "best" and "worst" wind conditions culled from actual U.S. Weather 
Service wind histories. Dispersion of pollutant from a continuous Calumet 
Harbor source under a constant wind for60 days is then presented for the 
unstratified lake, merely to demonstrate the model's applicability to the 
unstratified case. Emphasis in the Lake Michigan studies was intentionally 
placed upon the southern tip, especially the Chicago and Lake County shore- 
line area. 
Finally, some results of an application of the circulation and disper- 
sion models to unstratified Lake Ontario for the purpose of comparison with 
some results of Simons (1972) are shown. 
4 
NUMERICAL METHOD 
The development of a finite-difference integration procedure for the 
differential equation governing the two-dimensional dispersion (diffusion 
and advection) of a conservative pollutant in a vertically-stratified lake 
with an assumed steady-state flow pattern will now be shown. Here, the 
flow patterns used will be those obtained from the Kizlauskas-Katz circu- 
lation model. (Typical "steady-state" velocity patterns generated by this 
model are shown in figures 1 through 4, which correspond to epilimnion and 
hypolimnion flows for SSW and NNE winds at 3.8 m/sec, respectively.) The 
circulation model used has been shown (Kizlauskas and Katz 1973) to repre- 
sent some of the observed characteristics of Lake Michigan in summer, such 
as thermocline tilting and the existence of strong coastal jets in the 
epilimnion corresponding to the longitudinal components of prevailing winds 
(Csanady 1967, 1971). The dispersion model developed, however, would work 
equally well with other forms of circulation data, including those obtained - 
experimentally. Vertical stratification is modeled via two homogeneous 
layers (depth H and HI) separated by an impermeable thermocline (see Figure 
5), a commonly used (e.g., Lee and Liggett 1970 and Csanady 1968) idealiza- 
tion of the thermal layering which exists in lakes such as Lake Michigan 
and Lake Ontario during the summer (Huang 1971, Lee and Liggett 1970). The 
model also includes the common simplification (e.g., Simons 1972, 1973) of 
considering vertically-averaged concentrations (C and Ct) and vertically 
integrated velocities (V and V1) with separate integrations in each layer. 
The assumed impermeability of the thermocline allows the equations for 
C and C1 to be completely independent, provided that H, HI, i, and are 



Figure 4. Average Lake Michigan bottom-layer velocities for a NNE wind 
@ 3.8 m/sec. 
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Figure 5. Cross-sectional view of a two-layer lake. 
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assumed to be known constant or time-varying quantities. Thus, it is pos- 
sible to consider only one layer at a time with no loss of generality. A 
rectangular co-ordinate system (Figure 6) divides the map of the entire lake 
into squares with side As, defining cells with depths H at their centers. i 
The Cils are pollutant concentrations defined. at the cell centers. For pur- 
poses of considering five-point differencing schemes, cell 0 is a typical 
cell, surrounded by cells 1-4. 
The two-dimensional second-order partial differential equation govern- 
ing the dispersion of a conservative pollutant in this case is (Simons 1972) 
where the quantities H, C, and v are defined above (cf. Figure 5 ) ,  A is a 
suitable value of horizontal diffusivity (assumed constant), and S(x,y) is 
a source term for pollutant introduced to the lake at any point (x,y). 
Besides S(x,y), (1) contains one term f = - V (VC) for advection 1 
and one term f2 = V [HAV(C)] for diffusion. These are expanded below. 
A 
In (2), qx and q are defined by V = qx; + q j. Any finite-difference form Y Y 
of equation (1) should satisfy strict mass conservation and minimize error 
in (single-time-step) approximation of that equation. Strict mass conser- 
vation means that the finite-difference scheme should never create or de- 
stroy any pollutant within the lake; the advantages of such a scheme in 
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prevent ing  changes i n  p o l l u t a n t  mass (o the r  than  those  due t o  p o l l u t a n t  i n -  
pu t )  a r e  wel l  known (Simons 1973).  Mass conserva t ion  may only be obtained 
through a  scheme i n  which any mass t r a n s f e r r e d  from a given c e l l  must be 
added e x a c t l y  t o  t h e  surrounding c e l l s ,  and v i c e  ve r sa .  
I t  i s  no t  a t  a l l  obvious which f i n i t e - d i f f e r e n c i n g  scheme w i l l  b e s t  
model equa t ion  (1 ) .  Analysis  (Appendix A) shows, f o r  example, t h a t  s t a n -  
dard f i v e - p o i n t  c e n t r a l - d i f f e r e n c e  express ions  (Carnahan, e t  a 1  1969) such 
a s  
and 
ax" (AS> "
lead t o  both l o s s  o f  mass conserva t ion  and l a r g e  s p a t i a l  approximation 
e r r o r s .  For t h e  d i f f u s i o n  term f 2 ,  e s p e c i a l l y ,  s u b s t i t u t i o n  of express ions  
such a s  (4) f o r  t h e  f i r s t - o r d e r  d e r i v a t i v e s  leads  t o  an e r r o r  i n  approxi-  
mating s p a t i a l  d e r i v a t i v e s  which i s  f i r s t - o r d e r  i n  A s .  
Cons idera t ion  of  a  simple mass balance on c e l l  0, i n  which t h e  t o t a l  
mass e n t e r i n g  c e l l  0  dur ing  time A t  i s  approximated i n  terms o f  t h e  advec- 
t i v e  and d i f f u s i v e  f l u x e s  a t  each s i d e  o f  c e l l  0 ,  with t h e  va lues  o f  C and 
H a t  a  c e l l  boundary s e t  equal t o  t h e  average o f  t h e i r  va lues  i n  t h e  two 
c e l l s  ad jo in ing  t h a t  boundary, l eads  t o  t h e  fol lowing approximation: 
4 A t  [A(Hi + Ho) - (-1) iqi (As) ] 
+ L C i W  
1 2H0 (As) 
I n  ( 6 ) ,  S  (x ,y)  i s  t h e  source  term f o r  c e l l  0.  Equat ion (6) ( i )  may a l s o  0  
be  de r i ved  (Appendix B) by d i r e c t  f i n i t e - d i f f e r e n c i n g  of  equa t ion  (1 ) ;  ( i i )  
can be shown (Appendix A) t o  approximate (1) w i th  a  second-order  e r r o r  i n  
As; ( i i i )  may be w r i t t e n  i n  t h e  form below: 
Defining t h e  terms i n s i d e  t h e  summation a s  F . ( t ) ,  one o b t a i n s  
1 
4 
Co(t+At) : Co ( t )  + (At)So ( x y y )  + 1 Fi ( t )  . 
1 
Each F i ( t )  r e p r e s e n t s  t h e  t o t a l  ( d i f f u s i v e  and advec t i ve )  in f low o f  p o l l u -  
t a n t  from c e l l  i t o  c e l l  0  i n  t h e  i n t e r v a l  ( t ,  t + A t ) ,  and depends upon on ly  
t h e  two c o n c e n t r a t i o n s  ad jo in ing  t h e  boundary i t  r e p r e s e n t s .  ( e .g . ,  F l ( t )  
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depends on ly  on C ( t )  and C o ( t ) . )  Furthermore, t h e  dependence o f  Fi on Ci 1 
and Co  i s  symmetrical,  a s  may be seen from equat ion  (7) f o r  updat ing t h e  
concen t r a t i on  i n  c e l l  0  and t h e  corresponding equa t ion  f o r  upda t ing  (say) 
ad jo in ing  c e l l  2 ( c f .  Figure 6 ) .  , The p o l l u t a n t  flow from ( o r  t o )  c e l l  0  t o  
( o r  from) c e l l  2 i n  t h e  f i r s t  equa t ion  i s  i d e n t i c a l  t o  t h a t  i n  t h e  second 
equa t ion .  S ince  t h i s  s i t u a t i o n  ob t a in s  f o r  a l l  p a i r s  o f  ad jo in ing  c e l l s  and 
thus  f o r  a l l  f lows, equat ion (7) (and t h u s  (6 ) )  i s  s t r i c t l y  conserva t ive  of  
mass i n  t h e  e n t i r e  l ake .  F ina l ly ,  observe t h a t  boundary cond i t i ons  a r e  
e a s i l y  t r e a t e d ,  s i n c e  t h e  term i n  (8) corresponding t o  d i s p e r s i o n  ac ros s  a 
p a r t i c u l a r  boundary may simply be s e t  t o  zero i f  t h e  ad jo in ing  c e l l  i s  d ry .  
One might cons ider  us ing  a  n ine-poin t  d i f f e r e n c i n g  scheme t o  ob t a in  a  
h igher -order  e r r o r  i n  A s  than t h a t  ob ta ined  from t h e  f i v e - p o i n t  scheme i n  
equa t ion  ( 8 ) .  The au thor  has been unable ,  however, t o  formulate  a  n ine-  
po in t  scheme which w i l l  s a t i s f y  (more complicated) symmetry cond i t i ons  
analogous t o  t hose  s a t i s f i e d  by (7) and thus  be  guaranteed t o  conserve mass. 
Furthermore, n ine-poin t  schemes would make t rea tment  of t h e  boundary condi- 
t i o n s  much more d i f f i c u l t .  
S a t u r a t i o n  Mechanism 
Consider aga in  t h e  t y p i c a l  c e l l  0  and i t s  fou r  neighbors  i n  t h e  f i n i t e -  
d i f f e r e n c e  scheme, a s  shown i n  Figure 6. The advec t ive  terms o f  (6) above 
assume a  concent ra t ion  v a r i a t i o n  which i s  piecewise l i n e a r  i n  space ,  a s  
shown i n  Figure 7, so  t h a t  t h e  concent ra t ion  a t  any c e l l  boundary (except  
f o r  land-water boundaries)  i s  taken  a s  t h e  average o f  t h e  concent ra t ions  a t  
t h e  c e n t e r s  of  t h e  c e l l s  forming t h e  boundary. The u s e  o f  such average con- 
c e n t r a t i o n  va lues  can be shown (Appendix C) t o  approximate t h e  o r i g i n a l  

d i f f e r e n t i a l  e q u a t i o n  (1) more a c c u r a t e l y  t h a n  does  a  s t e p  approximat ion 
proposed e lsewhere  ( B e l l a  and Dobbins 1968) a s  p a r t  o f  an u p s t r e a m - d i f f e r -  
enc ing  scheme. The u s e  o f  average  c o n c e n t r a t i o n  v a l u e s ,  however, l e a d s  t o  
c e r t a i n  computat ional  d i f f i c u l t i e s .  
Consider  t h e  c a s e  d e p i c t e d  i n  F i g u r e  8 ,  which shows a c r o s s - s e c t i o n  o f  
c e l l s  1, 0 ,  and 2, where c e l l  2  h a s  a  f a i r l y  l a r g e  p o l l u t a n t  c o n c e n t r a t i o n  
and c e l l s  0  and 1 have n e g l i g i b l e  c o n c e n t r a t i o n  l e v e l s .  F u r t h e r ,  l e t  a l l  
f lows  i n t o  c e l l  0  be ze ro  excep t  f o r  q  which is  p o s i t i v e .  Because t h e  2  
a v e r a g i n g  procedure  i n d i c a t e s  a  c o n c e n t r a t i o n  C /2 a t  t h e  boundary ( 2 ,  O), 2  
and because  q2 i s  p o s i t i v e  a s  shown, t h e  model i n d i c a t e s  t h a t  p o l l u t a n t  
f lows o u t  of c e l l  0  i n t o  c e l l  2  a t  t h e  boundary (2 ,  O), even though Co Z 0 
( a t  t ime  t ) .  T h i s  f low c a u s e s  C t o  become n e g a t i v e  a t  t + A t ,  which i s  phys- 0  
i c a l l y  unreasonab le .  
The r e s u l t a n t  n e g a t i v e  c o n c e n t r a t i o n  i n  c e l l  0  could  s imply be s e t  t o  
z e r o ,  s i n c e  it i s  u s u a l l y  small i n  magnitude compared w i t h  C The r e s u l t -  2  ' 
i n g  a d d i t i o n  o f  t o t a l  p o l l u t a n t ,  over  t h e  e n t i r e  l a k e ,  could  become q u i t e  
s i g n i f i c a n t  a f t e r  many i t e r a t i o n s  and i n  t h e  long r u n  would t h e r e f o r e  de- 
s t r o y  t h e  o t h e r w i s e  s t r i c t l y  mass -conserva t ive  n a t u r e  o f  t h e  a l g o r i t h m .  
One might c o n s i d e r  s imply banning any a d v e c t i v e  f lows  o f  p o l l u t a n t  from 
an empty c e l l .  T h i s  s t e p ,  however, would n o t  p r o p e r l y  p r e v e n t  n e g a t i v e  con- 
c e n t r a t i o n s  i n  t h e  c a s e  o f  a  c e l l  which con ta ined  a  v e r y  small. o r i g i n a l  con- 
c e n t r a t i o n ,  o r  a  c e l l  which exper ienced a  v e r y  smal l  in f low d u r i n g  t h e  t ime  
s t e p .  Such c e l l s  might e a s i l y  be f l u s h e d  by a l a r g e  flow a c r o s s  boundary 
(2 ,  0 ) .  A l t e r n a t i v e l y ,  it might be determined beforehand whether a  g iven  
flow would f l u s h  c e l l  0 .  I n  p r a c t i c e ,  wi th  q  q 2 ,  qg and /or  q  # 0 ,  such 1 ' 4 
a  d e t e r m i n a t i o n  would r e q u i r e  checking o f  a l l  t h e  p o l l u t a n t  t r a n s f e r s  i n t o  

and out  of c e l l  O p r i o r  t o  every concent ra t ion  updating i n  t h a t  c e l l .  
Thus, t o  avoid t h e  previous ly  mentioned l o s s  of mass conservat ion o r  a  
p r i o r i  checking, t h e  fol lowing s a t u r a t i o n  mechanism f o r  p o l l u t a n t  flows was 
used t o  prevent  t h e  occurrence of negat ive  concent ra t ions .  
During t h e  time i n t e r v a l  ( t ,  t+At ) ,  f o r  each app l i ca t ion  of equat ion (8) 
t o  any c e l l  0, -Fi i s  t h e  t o t a l  outflow from c e l l  0  a t  t h e  boundary ( i ,  0 ) .  
Co(t+At) i s  f i r s t  evaluated using equat ion (8);  i f  Co > - 0, t h e  va lue  of 
Co(t+At) i s  allowed t o  s tand ,  and no add i t iona l  computation i s  necessary i n  
c e l l  0  u n t i l  t h e  e n t i r e  lake  has been updated. I f  t h e  above va lue  of 
Co(t+At) < 0, t h i s  negat ive  concentrat ion C (t+At) i s  added t o  t h e  concen- 0  
t r a t i o n s  i n  c e l l s  1, 2, 3, and/or 4  a t  t ime t + A t ,  i n  t he  propor t ion  i n  which 
these  c e l l s  cont r ibuted  t o  t h e  outflow from c e l l  0, and Co(t+At) i s  s e t  t o  
zero.  I n  o the r  words, i f  po l lu t an t  flow from c e l l  O s a t u r a t e s  with 
Co(t+At) < 0, C. (t+At) ( i  = 1, 2, 3, 4) i s  decreased by an amount 
1 
where Ff = F. i f  F. < 0, and F' = 0, otherwise.  Obviously, 
1 1 i 
K . H .  = H C (t+At) = (Ifnegative p o l l u t a n t  mass" i n  c e l l  0 ) /   AS)^, so t h a t  
1 1  0 0  
t h e  above co r rec t ion  procedure i s ,  i n  f a c t ,  mass conservat ive.  
The co r rec t ions  K .  a r e  added t o  t h e  C . ( t + A t ) ' s  a f t e r  a l l  c e l l s  i n  t h e  
1 1 
e n t i r e  l ake  have been updated, t o  make t h e  s a t u r a t i o n  mechanism s o l e l y  de- 
pendent upon condi t ions  a t  time t and thus  t o  avoid any b i a s  i n  t h e  t r e a t -  
ment of c e l l s  which might not  have been reached i n  t h e  "marching" procedure. 
I f  t he  concent ra t ion  i n  one of  t h e  c e l l s  ad jo in ing  c e l l  0  is  very small 
i n  comparison with any one of  t h e  o the r s ,  i t  i s  poss ib l e  t h a t  one o r  more 
success ive  co r r ec t ions  might cause such a  c e l l  t o  have a  nega t ive  concen- 
t r a t i o n  a t  t h e  end of t h e  co r r ec t ion  procedure. Such over -cor rec t ion  i s  
prevented i n  t h e  following way: 
I f  C .  ( i  = 1,  2, 3 ,  4) i s  very small  i n  comparison with 
I. 
C . ( j  = 1, 2, 3,  4, j # i ) ,  with Fi < 0 and F < 0, c e l l  i could be over- 
J j  
cor rec ted  and C. could become negat ive .  Also, i f  c e l l  i i s  sub jec t  t o  over- 
1 
c o r r e c t i o n ,  then I Fi 1 < < I F i  + F i  + F; + F; I ,  because t h e  flow Fi would 
c l e a r l y  not  be enough t o  f l u s h  c e l l  0  i f  a  r e t u r n  of some small f r a c t i o n  of  
Co(t+At) i s  enough t o  f l u s h  c e l l  i. Therefore,  over -cor rec t ions  a r e  avoided. 
by not  inc luding  c e l l  i ( i  = 1, 2, 3, 4) i n  t h e  co r r ec t ions  of c e l l  0  i f  
I F i  I < 0.01 1 Fi  + F i  + F j  + F; I , and absorbing c e l l  i ' s  share  of  t h e  cor rec-  
t i o n  i n  t h e  o the r  c e l l s  surrounding c e l l  0, t o  maintain mass conservat ion.  
This  modif icat ion may be appl ied  whether o r  not  an over -cor rec t ion  
would, i n  f a c t ,  occur .  I f  inc luding  c e l l  i i n  t h e  co r r ec t ions  t o  c e l l  0  
would cause over -cor rec t ion  i n  c e l l  i ,  because Ci  is  too  smal l ,  t h i s  modi- 
f i c a t i o n  prevents  t h e  over -cor rec t ion .  I f  C. i s  s u f f i c i e n t l y  l a r g e  a s  t o  
1 
prevent over -cor rec t ion ,  and t h e  modi f ica t ion  i s  appl ied  anyway (due t o  
1 F i  1 < 0.01 1 F i  + F i  + F j  + F i I ) ,  t h e  co r r ec t ion  procedure i s  only modified 
by ( a t  most) 1% of  t h e  t o t a l  co r r ec t ion  t o  Co .  This  p a r t i c u l a r  modific.ation 
t o  prevent  over -cor rec t ion  was chosen o v e r o t h e r s  l a r g e l y  because of  i t s  un- 
complicated ( s ing le -dec i s ion )  c r i t e r i o n .  
S p a t i a l  and Temporal Step S izes  Used f o r  Lake Michigan 
For Lake Michigan, a  g r i d  spacing o f  As = 10.8km was used, g iv ing  a  
system o f  24 squares  by 46 squares ,  with a  t ime s t e p  of A t  = 1 hour.  For 
t h i s  system, i n  t e s t s  run f o r  over 3000 hours,  t h e  t o t a l  p o l l u t a n t  mass 
appearing i n  t h e  l ake  never d i f f e r e d  from t h e  amount introduced by more than  
a  few t e n t h s  of  one per  cen t ,  t h e  s l i g h t  e r r o r  being apparent ly  introduced 
by machine round-offs .  
Treatment o f  Sources 
A t ime-varying p o l l u t a n t  source may be introduced i n  any c e l l  i n  t h e  
lake .  The f r a c t i o n  of p o l l u t a n t  introduced i n t o  each l aye r  from a given 
r i v e r  o r  stream source i s ,  i n  p r a c t i c e ,  taken a s  t h e  f r a c t i o n  of t h e  t o t a l  
dep$h a t  t h e  source corresponding t o  t h a t  l aye r ;  t h a t  f r a c t i o n  is ,  of course,  
a  func t ion  of  thermocline p o s i t i o n .  This  scheme of appor t ion ing  p o l l u t a n t  
input  between t h e  two l a y e r s  assumes e s s e n t i a l l y  complete mixing a t  a  po in t  
source i n  a  two-layer reg ion .  This  assumption i s  a  reasonable  f i r s t  approx- 
imation i n  t h e  absence of  e i t h e r  experimental da t a  o r  a  d e t a i l e d  plume model 
f o r  a c t u a l  mixing a t  t h e  mouths of  t h e  var ious  r i v e r s  and s t reams.  The 
a v a i l a b l e  d ischarge  d a t a  were deemed of i n s u f f i c i e n t  q u a l i t y  t o  j u s t i f y  t h e  
use  of  one of  t h e  a v a i l a b l e  r i v e r  plume models ( e . g . ,  Paul and Lick 1974; 
S t r a z i s a r  and Prahl  1973). 
Horizontal  Eddy D i f f u s i v i t y  Values 
Empirical e s t ima te s  of t h e  ho r i zon ta l  d i f f u s i v i t y  A i n  (1) range from 
4 2 2 10 cm / s e c  t o  10' cm / sec  (Murthy 1970 and Okubo 1971, quoted by Simons 
1972). In  ex tens ive  t e s t s  of  t h e  model, d i f f u s i o n  was a  r e l a t i v e l y  small 
e f f e c t  i n  comparison with wind-driven advect ion,  even f o r  t h e  l a r g e r  d i f f u -  
s i v i t y  considered,  i . e . ,  t h e  value of  A had l i t t l e  e f f e c t  upon t h e  more 
s i g n i f i c a n t  p o l l u t a n t  concent ra t ion  contours  generated a s  t h e  Lake Ontar io 
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r e s u l t s  t o  fol low show. For t h e  Lake Michigan r e s u l t s  t o  fol low,  10 cm / sec  
d i f f u s i v i t y  was used throughout.  
Homogeneous Lake Model 
Both the circulation and pollutant dispersion models used are readily 
adaptable to single-layer (winter) lakes, as will also be shown. 
Use of Steady-State Circulations 
To approximate actual time-varying circulations with sequences of 
Itsteady-statet1 circulations in the first two applications shown and thus 
simplify the computational procedure, each simulation period was divided 
into sub-periods of from three to nine days in length. Within each sub- 
period the observed wind had essentially the same direction and speed. 
Steady-state circulations had already been computed and stored for each of 
sixteen ttstandardl' 3.8 m/sec (8.5 mph) winds (N, NNE, NE, ENE, E, etc.) and 
an approximate wind history was formed by selecting the closest approxima- 
tion to the mean observed wind for each subperiod from among the sixteen 
standard winds. This use of step approximation to actual circulations 
seems reasonable, especially in light of some recent current-meter observa- 
tions (Snow and Adamczyk 1974). 
APPLICATIONS 
125-Day Chloride Dispersion Simulat ion 
Chlor ide  d i s p e r s i o n  corresponding t o  t h e  125-day per iod  from May 28,1970 
through September 29, 1970 was s imulated us ing  U.S. Weather Se rv i ce  d a i l y  
wind d a t a  f o r  Chicago dur ing  t h a t  per iod  a s  t h e  b a s i s  f o r  an approximate wind 
h i s t o r y  f o r  t h e  e n t i r e  l ake .  The use  o f  Chicago d a t a  corresponds t o  t h e  i n -  
t e n t i o n a l  emphasis upon modeling t h e  southern  end of t h e  l ake .  Nineteen sub- 
per iods  were used i n  approximating observed winds; t h e s e  sub-periods,  t h e i r  
average observed winds, and t h e  s tandard  winds used t o  approximate them, a r e  
l i s t e d  i n  Table  1. 
The model 's  p o l l u t a n t  i npu t s  were based upon a l l  a v a i l a b l e  USEPA chlo-  
r i d e  and s t ream flow measurements f o r  s t reams and r i v e r s  d i s cha rg ing  i n t o  
Lake Michigan f o r  t h e  given per iod .  There a r e  27 such sources  l i s t e d  i n  t h e  
a v a i l a b l e  da t a ,  with measurements u s u a l l y  r epo r t ed  no more o f t e n  than  once a 
month. Often only a few d a t a  p o i n t s  were taken  over a number o f  years  f o r  a . 
given source .  Considerable  i n t e r p o l a t i o n  was, t h e r e f o r e ,  necessary;  i n  gen- 
e r a l ,  t h e  i npu t  l e v e l  from each source  dur ing  each o f  t h e  sub-periods l i s t e d  
i n  Table 1 was taken a s  t h e  mean o f  t h e  two d a t a  p o i n t s  encompassing a l l  o r  
most o f  t h e  sub-period.  I n  cases  where t h e  d a t a  were e s p e c i a l l y  i n s u f f i c i e n t ,  
long-term average d i s cha rge  va lues  were used; such ca se s  g e n e r a l l y  involved 
smal le r  sou rces .  The most s i g n i f i c a n t  sources ,  mostly on t h e  e a s t e r n  sho re  
of  t h e  l ake ,  gene ra l l y  had t h e  b e s t  d a t a  a v a i l a b l e .  I n  a d d i t i o n  t o  t h e  
r i v e r  and s t ream flows mentioned, a s i n g l e  very s i g n i f i c a n t  i n d u s t r i a l  d i s -  
charge d i r e c t l y  i n t o  t h e  l ake  a t  Manistee,  Michigan, was included;  t h e  aver-  
age d i s cha rge  va lue  f o r  t h i s  source,  a s  obtained from t h e  USEPA, was used. 
Table 1. 125-day wind history (5/28/70 - 9/29/70). 
Subperiod 
# 
Dates 
(1970) 
5/28-6/1 
6/2 -6/6 
6/7 -6/13 
6/14-6/21 
6/22-6/28 
6/29-7/3 
7/4 -7/11 
7/12-7/19 
7/20-7/23 
7/24-7/30 
7/31-8/2 
8/3 -8/11 
8/12-8/18 
8/ 19-8/23 
8/24-8/30 
8/31-9/6 
9/7 -9/13 
9/14-9/20 
9/21-9/29 
Average Wind 
Direction 
(Degrees from North) 
Average Wind 
Speed 
(m/sec) 
Nearest Standard 
3.8m/sec 
Wind 
SSW 
WSW 
E 
SSW 
WSW 
All 28 chloride sources and their mean discharge levels over their respec- 
tive periods of record are listed in Table 2. 
Because insufficient data were available for a realistic initial chlo- 
ride distribution, the lake was assumed to be free of chloride at the start 
of the simulation period (zero initial conditions). This use of zero initial 
conditions obviously causes the model to underestimate long-term chloride 
levels and to overestimate short-term dispersion somewhat due to unrealistic 
concentration gradients near sources. 
Figures 9 through 16 show computed chloride distributions for the 
period considered. In all of these figures, the numbers outside the lake 
boundary indicate the locations of the chloride sources as listed in Table 2. 
Figures 9, 10, 11, and 12 show top-layer distributions at 32, 64, 95, and 
125 days, respectively, after the start ofsimulation; Figures 13, 14, 15, 
and 16 show bottom-layer distributions at the same four elapsed times. 
Because of the simplifying assumptions (particularly the assumption of 
zero initial conditions) and approximations made in adapting the available 
data, the model cannot presume to give a precise picture, in time and space, 
of chloride concentrations in Lake Michigan during the summer of 1970. Some 
general conclusions may be drawn, however, regarding the general behavior of 
chloride (and other conservative pollutants released near shore) under real- 
istic wind conditions. The model exhibits the "coastal entrapment" (Csanady 
1973) observed in the actual lake; that is, most of the pollutant discharged 
clearly tends to stay near its sources, and dispersion is dominated by 
strong coastal flows resulting in relatively low concentration levels far 
offshore. Under steady wind conditions, few large pollutant accumulations 
are observed, but during periods of highly variable winds the changing 
Source 
# 
2 5 
Table 2 .  Lake Michigan c h l o r i d e  sources .  
Source 
Ford River 
Portage Creek 
Whitefish River 
Manistique River 
Pine River 
Elk River 
Boardman River 
Bets ie  River 
Manistee River 
Pere Marquette River 
P entwat e r  River 
White River 
Muskegon River 
Black Creek 
Grand River 
Kalamazoo River 
Black River 
S t .  Joseph River 
Galien River 
Root River 
Kewaunee River 
Pesht igo River 
Menominee River 
Oconto River 
Sheboygan River 
Fox River 
Milwaukee River 
Paper Co. Discharge 
a t  Manistee, Mich. 
Average Chloride Discharge 
(g/sec)  
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Figure 13. 125-day chloride dispersion simulation: Lake Michigan bottom- 
layer chloride concentration contours for June 28, 1970 (32 days 
elapsed time) in units of 10-8 g/cm3. 







































